We measured carbon stocks at two forest reserves in the cloud forest region of Monteverde, comparing cleared land, experimental secondary forest plots, and mature forest at each location to assess the effectiveness of reforestation in sequestering biomass and soil carbon. The biomass carbon stock measured in the mature forest at the Monteverde Institute is similar to other measurements of mature tropical montane forest biomass carbon in Costa Rica. Local historical records and the distribution of large trees suggest a mature forest age of greater than 80 years. The forest at La Calandria lacks historical documentation, and dendrochronological dating is not applicable. However, based on the differences in tree size, above-ground biomass carbon, and soil carbon between the Monteverde Institute and La Calandria sites, we estimate an age difference of at least 30 years of the mature forests. Experimental secondary forest plots at both sites have accumulated biomass at lower than expected rates, suggesting local limiting factors, such as nutrient limitation. We find that soil carbon content is primarily a function of time and that altitudinal differences between the study sites do not play a role.
Introduction
Modeling of the anthropogenic climate change anticipated in the coming decades requires a thorough understanding of the carbon cycle, in particular, the sources and sinks of carbon that are exchangeable on short (decadal) time scales and the rates of exchange. Multiple studies have estimated both the reservoirs and fluxes of carbon from terrestrial and marine reservoirs [1] . Tropical forests are major sinks for atmospheric carbon, accounting for as much as 37% of the terrestrial carbon sequestered in above-ground biomass and soil [2] . The Amazon forest alone, for example, is estimated to contain from 150 to 200 GtC in biomass and soil [3] , equal to approximately one-quarter of the total atmospheric reservoir. Early studies of carbon cycling recognized the importance of land-use changes, deforestation and afforestation in particular, and attendant fluctuations in the above-ground biomass carbon in contributing to variations in the atmospheric reservoir. Disturbance of tropical forests by land-use change and deforestation has been estimated to account for as much as 23% of anthropogenic carbon emissions [4] ; most of these emissions (75%) were estimated to derive from the loss of above-ground biomass.
Fewer studies have examined the potential changes in soil carbon that accompany land-use changes. Rhoades et al. [5] , for example, estimated that conversion of tropical forest to pasture led to a decrease in soil carbon of 18% to 20%. More recently, Dieleman et al. [6] found the difference in soil carbon between mature tropical forest and pasture to be as much as 40%, but most of the difference was concentrated in 2 International Journal of Forestry Research the top 10 to 15 cm. Unfortunately, our knowledge of carbon flux rates in tropical systems remains limited as various studies have produced contradictory results; for example, Hughes et al. [7] documented that the carbon stored in aboveground biomass increases predictably with the age of the forest but saw no significant change in soil carbon, a finding echoed by the study of Markewitz et al. [8] but contrary to the results of Bautista-Cruz and del Castillo [9] . Clearly, a more complete understanding of the rates of change of these carbon stocks will be required to track accurately the changes in the global carbon cycle. Additionally, predicting changes in the size of these carbon reservoirs in the future will demand knowledge of how these fluxes will vary as a response to ongoing and anticipated climate change.
This study attempts to resolve some of the issues involved in the study of carbon flux rates in tropical forests. Specifically, by comparing the carbon stocks, both above-ground biomass (AGB carbon ) and soil organic carbon, of maturedisturbed forest, experimental secondary forest plots, and cleared land at two forest reserves in the Monteverde cloud forest region, we attempt to resolve the apparent contradictory results in studies of changes in soil carbon with time. Furthermore, one of the challenges in assessing the effectiveness of reforestation at sequestering carbon in tropical forests is that many tropical tree species lack annual growth rings, making precise age measurements problematic in the absence of historical records [10] . We demonstrate herein that carbonstock data may be useful in approximating the age of tropical forests not otherwise documented.
Materials and Methods

Study Location.
Much of Costa Rica's mature forest was cleared during the twentieth century, primarily for agricultural land-use and timber. An estimated 10 6 hectares of forest were cleared just during the 1950s [11] , and by 1983 only 26% of the original forest cover of the country remained [12] . Fortuitously, a significant portion of this land has been reforested in recent decades through government intervention, including establishment of an extensive national park system and payments to landowners for environmental services. Consequently, ca. 25% of the total land area of the country is now protected in some way and net forest area is now estimated to increase by ca. 35,000 ha per year [12] . In addition to enhanced ecosystem services (e.g., watershed and biodiversity protection), an important result of this change is that there are now numerous areas of secondary forest of varying age throughout the country available for examination of the rates of forest regrowth in secondary ecological succession.
The Monteverde region is known for the cloud forests on the western slopes of the Cordillera de Tilarán. Leeward cloud forests (sensu Lawton and Dryer [14] ), are tropical montane evergreen forests that obtain significant moisture from fog drip. In Costa Rica, they occur on the Pacific-facing slopes of the Cordillera de Tilarán where trade winds are forced above the lifting condensation point. The climate of the region is characterized by three seasons: a wet season from May to October; a transitional misty-windy season from November to January; and the dry season from February to April [14] . Even during the dry season, fog drip keeps the soils continuously moist. In the Monteverde region, these soils, which formed on rhyolites, are classed as Typic Dystrandepts [15] .
The Monteverde Institute, a community-based research and educational endeavor that operates in collaboration with a consortium of scientific and educational institutions, is located ca. 2 km southeast of the center of the village of Santa Elena, Puntarenas Province ( Figure 1 ). The Monteverde Institute (MVI) administers 15 hectares in cooperation with the Fundacion Conservacionista Costarricense, and is located within the ca. 9,000 hectare Monteverde Reserve complex. The land cover includes a mix of pasture, secondary forest plots of various ages, and mature forest at a mean elevation of ca. 1490 m in the lower cloud forest, or lower montane wet forest zone [16] . The climate at this location is characterized by a mean annual temperature (MAT) of 18.5 ∘ C and ca. 2500 mm mean annual precipitation (MAP) [17] . La Calandria is a private reserve including a lodge and biological field station currently administered by a local hotel (Pension Santa Elena), with conservation efforts coordinated by the Fundacion Conservacionista Costarricense. The reserve is located ca. 1.7 km southwest of the Santa Elena village center and consists of 27 hectares of mixed forest type, at a mean elevation of 1240 m in the premontane wet forest, or rain shadow forest zone [16] . There are no precise climatological data for this location, but based on an adiabatic lapse rate of 5.4
∘ C km −1 [18] , we estimate a MAT of 19.6 ∘ C. MAP at this elevation is estimated at 2100 to 2500 mm yr −1 [19] . In both areas, the mature forest is characterized by a discontinuous upper canopy, in which the taller trees are 15 m to 40 m tall, a well-developed sub-canopy, abundant vines and lianas, and epiphytes are common but not abundant [20] . Common species in the forest at the two sites include species include: multiple species of Cinnamomum, Ocotea and Persea; Hampea appendiculata, Citharexylum caudatum, Hasseltia floribunda, Roupala glaberrima and Viburnum costaricanum 
Study Methods.
The sampling and measurements were conducted during the dry season month of January, 2014.
In each of the three sampling environments (mature forest, experimental secondary forest, grassy clearing) we established multiple 100 m 2 (10 m by 10 m) sampling plots (locations recorded by GPS). At MVI, sampling was conducted for five 100 m 2 plots for each land cover type. At La Calandria, each environment was represented by three 100 m 2 plots. Above-ground biomass in each plot was recorded by measuring the breast-height diameter (dbh = 1.3 m above base) of all woody stems 1.0 cm or greater diameter (including vines and lianas), totaling ca. 100 stems per plot (=10 4 stems ha −1 ). To avoid error induced by uncertainty in height measurement, we calculated biomass with a height-independent algorithm developed by Brown [13] for broadleaf moist tropical forests; AGB = (−2.134+2.53 ln(dbh)) . This equation (Eq. 3.2.4 of [13] ) is particularly useful for the plots we sampled because it yields a high 2 over a wide range of stem diameters. The dbh data for each plot were divided into 5-cm size classes (1-5, 6-10, 11-15, etc.) and the AGB calculated for the midpoint of each class, multiplied by the number of stems in the class. The oven-dried biomass thus calculated was multiplied by 0.48 to convert to carbon weight [21] . The results for the plots for each environment type were averaged to calculate a mean AGB carbon in units of metric tons of elemental carbon per hectare (tC ha
Within each 100 m 2 plot, five soil cores were drilled, one at each corner and one in the center, to a depth of 30 cm using a hand auger with a 2-cm internal diameter. The characteristics (grain size and color using standard Munsell soil color designations) of the core were recorded and the core divided into 10-cm segments (0-10, 11-20, 21-30). Bulk density was calculated from the oven-dried weight of a soil core cylinder of 1 cm diameter by 1 cm height. Aggregate samples from each of the sample intervals were used to measure mean bulk density values for soils in the forest and clearing locations. In the laboratory, individual soil samples were dried, homogenized, sieved with a 2-mm screen to remove larger rocks and root fragments, and the sub-2 mm fraction pulverized in a ball mill. From each processed sample, 0.1 to 0.125 g was drawn for analysis with a Leco TruSpec CN® by combustion in a pure O 2 atmosphere at 950 ∘ C. The weight percent carbon was calculated from the composition of the evolved gases as measured by an infrared cell. Soil carbon stocks were calculated using values of 0.7, 0.75 and 0.8 g cm −3 for the 0-10, 11-20 and 21-30 cm intervals, respectively, in the forest soils, and 0.9, 0.95 and 1.0 g cm −3 for the same intervals in the clearings; these values are consistent with those found in other studies of lower montane forest soils [5] . The statistical significance of the differences in the biomass and soil carbon results between the three environments was tested by one-way ANOVA using SigmaStat software manufactured by Systat Software, Inc. Differences of significance were defined at the level of < 0.05.
Results and Discussion
Aboveground Biomass
3.1.1. Mature Forest. At both locations, the forest is characterized by a partially open upper canopy, and well-developed lower canopy and understory. The mean number of stems measured (dbh > 1 cm) was similar for both sites, although slightly higher at La Calandria, where the plots averaged 107 stems per 100 m 2 , compared to MVI where we measured an average of 91 stems per plot. At MVI, the mature forest plots contained a mean of 1.6 trees with dbh > 50 cm, equivalent to 160 ha −1 , and 0.6 trees with dbh > 70 cm, or 60 ha −1 (Table 1) . At La Calandria, the mature forest plots contained a mean of 1.0 trees per plot with dbh > 50 cm per plot, equivalent to 100 trees ha −1 , and no trees with dbh > 70 cm. If all trees of medium size (dbh > 20 cm) or larger size are considered, the MVI plots contained the equivalent of 340 trees ha −1 , compared to 467 ha −1 in the La Calandria plots. The number of taller trees (>20 m), estimated by inclinometer measurement. was greater at La Calandria where plots averaged almost five trees (ca. 500 ha −1 ) with height > 20 m, compared to an average of just over one tree (ca. 100 ha −1 ) per plot at MVI. The differences in AGB and AGB carbon between MVI and La Calandria are significant ( < 0.05) for both mature and secondary forest sites ( Table 1 ). The mature forest at MVI holds an average AGB of 457 ± 108 t ha −1 (219. Figure 2 ). The overall difference between these two sites is controlled by the greater abundance of trees with large diameters, due to the exponential relationship between tree diameter and mass. As reflected in the measures of standard error, the variation in AGB between individual plots was much greater at MVI, reflecting the uneven distribution of trunk diameters; that is, large (>50 cm) and very large (>70 cm) diameter trees are very unevenly distributed in the MVI plots compared to the more uniform distribution at La Calandria.
Secondary Forest.
The plots studied here are experimental plots of seedling trees planted in a gridded pattern on cleared land that had been forested previously. Other vegetation was allowed to regrow between the planted trees resulting in dense ground layer vegetation. The MVI plots were established in 2008 as the Rachel Crandell Preserve and measured for this study in 2014. The planted trees in the MVI plots included Ocotea monteverdensis, Ocotea whitei, Ocotea floribunda, Cinnamomum triplinerve and Citharexlum costaricanum. These had a maximum diameter of 6.5 cm (for an individual stem) and a maximum height of 5 m. Vegetation growing between the planted trees was generally <1 cm dbh and was not measured. The survivorship of one plot was conspicuously low, and no trees exceeded 2.5 m height, whereas the trees in the other plots averaged 2.8 m. The AGB for individual plots ranged from 2.8 kg to 150 kg; the mean AGB for these plots was 5.2 ± 1.7 t ha −1 (2.5 ± 0.8 tC ha −1 ) The plots at La Calandria were planted in 2001; therefore the measurements represent growth after 13 years. The planted species included C. triplinerve, C. costaricanum, Inga punctate and O. whitei. The trees had a maximum height of 6.2 m, and secondary growth of the understory layer was particularly dense, including abundant Psidium guajava trees up to a height of 3.5 m. AGB of individual plots ranged from a minimum of 90.6 kg to 321.4 kg, yielding a mean AGB of 23.4 ± 10.2 t ha −1 (11.2 ± 4.9 tC ha −1 ). Figure 2 ) present two main trends: (1) The total C soil is higher at MVI than La Calandria for both mature and secondary forest, although the differences are not significant at the < 0.05 level. The C soil for clearings is indistinguishable between locations, however; (2) The soil profiles in all three sample environments (mature forest, secondary forest, clearing) exhibit C soil decreasing from the surface downwards through the 30 cm sample interval.
Soil Carbon. The results of soil analyses (Table 2,
Mature Forest.
Beneath a relatively thick layer of leaf litter (not included in analyses), the mature forest soils typically have a dark brown (Munsell soil color 5YR 2.5/2 to 10YR 3/2), organic rich sandy loam upper layer at least 10 cm thick. The mean carbon content of the soil for this layer is 20.5 ± 2.8%, which equates to a soil carbon stock of 14.4 kgC m −2 , or 143.5 ± 19.6 tC ha −1 (Table 2, Figure 2 ). The interval from 10 to 20 cm depth typically forms a transition from the darker, more organic rich layer above, which often continues through all or most of this interval, to an orange brown (10YR 4/4 to 10YR 6/6) layer. The mean C soil for the interval is 13.0 ± 1.4%, which equates to a soil carbon stock International Journal of Forestry Research 5 of 97.5 ± 10.5 tC ha −1 . The lowest interval studied, from 20 to 30 cm depth, is silty loam, orange brown in color (10YR 4/4 to 10YR 6/6) with a mean C soil of 7.7 ± 1.6%, equivalent to a soil carbon stock of 61.6 ± 42.9 tC ha −1 . The top 30 cm of soil at MVI thus represents a carbon stock of 302.6 ± 42.9 tC ha −1 (Table 2, Figure 2) .
The La Calandria mature forest soils were sampled beneath a thick cover of leaf litter. The upper 10 cm typically consisted of gray-brown (7.5YR 3/3) sandy loam with a mean C soil of 14.8 ± 1.3%, which converts to 103.6 ± 9.1 tC ha −1 ( Table 2 ). The interval from 10 to 20 cm is also gray-brown sandy loam with a mean C soil of 11.1 ± 0.8%, equivalent to 83.3 ± 6.0 tC ha −1 . The 20 to 30 cm interval is orange (10YR 3/2), silty clay loam with C soil of 6.9 ± 0.9%, which equates to 55.2 ± 7.2 tC ha −1 . The total soil carbon stock for the mature forest is 242.1 ± 22.3 tC ha −1 ( Table 2 , Figure 2 ).
Secondary Forest.
At MVI, the leaf litter thickness varied with the AGB. Beneath this variable litter layer, the uppermost 10 cm of the soil is slightly sandy to slightly clayey fine silt, light brown (10YR 2/2) color. The mean C soil for this layer is 10.2 ± 1.2%, equivalent to a soil carbon stock of 71.4 ± 8.5 tC ha −1 . The underlying 10 to 20 cm interval is mainly dark brown (10YR 3/3 to 10YR 6/6) sandy loam. C soil for this layer is 7.6 ± 2.4%, equivalent to a soil carbon stock of 57.0 ± 18 tC ha −1 . The lowest soil interval studied, 20 to 30 cm, is light brown sandy loam (10YR 3/4 to 10YR 5/6). The C soil for this is 4.7 ± 0.5%, which equates to 37.6 ± 4 tC ha −1 . The soil carbon stock for the entire upper 30 cm interval is 166.0 ± 30.5 tC ha −1 ( Table 2 ).
The secondary forest soils at La Calandria were sampled beneath a thin and discontinuous layer of leaf litter. The uppermost 10 cm is brown (10YR 5/2) sandy loam with a mean C soil of 9.3 ± 0.7%, equivalent to 65 ± 4.9 tC ha −1 . The interval of 10 to 20 cm is transitional to the somewhat lighter colored and loam interval below. The mean C soil for this interval is 6.3 ± 0.8%, which equates to 47.4 ± 6 tC ha −1 . The 20 to 30 cm interval in the secondary forest soils is orangebrown (10YR 3/3) silty clay loam with a mean C soil of 5.5 ± 0.5%, equivalent to 44 ± 4 tC ha −1 . The soil carbon stock for the La Calandria experimental forest plots is therefore 156.4 ± 11.0 tC ha −1 .
Clearings.
The clearings at MVI are deforested areas near buildings where natural growth is limited by grasscutting. The surface is covered mainly by grasses, but also small flowering plants, and locally, planted shrubs. There is no leaf litter, but the uppermost soil is heavily rooted, dark brown (7.5YR 2.5/2) silt. The mean C soil for the uppermost 10 cm is 8.2 ± 1.4%, which equates to 73.8 ± 12.6 tC ha −1 . The underlying interval of 10 to 20 depth is similarly dark brown loam to sandy loam with a mean C soil of 5.3 ± 0.4%, equivalent to 50.4 ± 13.3 tC ha −1 . The bottom interval is typically orangebrown (10YR 2/2 to 10YR 6/6) loam with mean C soil of 4.1 ± 0.2%, equating to 41 ± 2.1 tC ha −1 . The mean soil carbon stock for the upper 30 cm of soil in clearings at MVI is 165.2 ± 27.9 tC ha −1 ( Table 2 ).
The sampled clearings at La Calandria Biological Station are mowed lawns, as at MVI, near (but not adjacent to) buildings. The upper 10 cm of the soil is dark brown (10YR 4/3) sandy silt with a mean C soil of 7.0 ± 0.4%, equivalent to 63 ± 3.6 tC ha −1 . The underlying interval of 10 cm to 20 cm is marked by the transition to orange (5YR 5/6) clay loam. The C soil for this interval is 5.5 ± 0.2%, which equates to 52.3 ± 1.9 tC ha −1 . The lowermost interval, 20 to 30 cm depth, is continued orange clay loam. The mean C soil for the interval is 5.3 ± 2.8%, equivalent to a carbon stock of 53 ± 3 tC ha −1 . The soil carbon stock for the 30 cm soil interval in the clearings at La Calandria is 168.3 ± 8.5 tC ha −1 .
Discussion
Above-Ground Biomass.
One of the limitations of forest studies in tropical forests is the common lack of tree rings, and therefore age control, in many tropical tree species. Hence, determining the rate of carbon accumulation in forests without precise historical records is problematic. Here we explore the potential for using carbon accumulation rates measured in similar environments as a means constraining forest age.
Although the sample size of this study is limited, the mean AGB carbon of 219.4 tC ha −1 in the mature at MVI compares well with other measurements for mature moist tropical montane forests in Costa Rica. The meta-analysis of Spracklen and Righelato [22] presented values of AGB carbon in Costa Rican tropical montane forests ranging from 145 to 362 tC ha −1 , collected over a wide range of elevations; the mean AGB carbon for the mature forest at MVI accords well with the mean of these data. In particular, the AGB of 457 t ha −1 at MVI matches well an estimate of 490 t ha
obtained for the mature forest at the nearby Monteverde Cloud Forest Reserve [17] . Oliveras et al. [23] measured an AGB carbon accumulation rate of 4.9 tC ha −1 yr −1 in Andean secondary cloud forests undergoing recovery from pasture useage. If the accumulation rate for that study [23] is applied to the data presented herein, the MVI mature forest minimum age is on the order of 50 years. We note, however, that the MVI forest reserve is part of the local watershed forest that was protected by the Quakers who settled in the region in 1951, and thus has likely been uncut for well over 60 years. Martin et al. [2] noted the log relationship of the carbon pool to age in tropical secondary forests, and concluded that due to a decreasing rate of carbon accumulation, the minimum age of full carbon stock recovery of a forest converted from pasture is at least 80 years. An age of 80 years or greater is consistent with the occurrence of numerous trees with dbh > 50 cm, and a consistent occurrence of trees with dbh > 70 cm [24] . Hence, the age of the MVI forest is very likely greater than the 50 years suggested by strict application of the accumulation rate of 4.9 tC ha −1 yr −1 [23] , and potentially greater than 80 years.
The difference in AGB carbon in the mature forests at MVI and La Calandria is striking (219.4 tC ha −1 compared to 76.3 tC ha −1 ) and is clearly a function of forest age, as demonstrated by the difference in tree size. The age of the mature forest at La Calandria is unknown, but given the frequency of trees with dbh > 50 cm, and the complete lack of trees with dbh > 70 cm, we can state unequivocally that it is younger than the MVI forest, although likely older than 50 years [24] . The younger age explains the lower frequency of large upper canopy trees at La Calandria, with a consequent more open canopy, and the greater frequency of medium size (dbh 20 to 50 cm) trees with greater height than at MVI. This does little to constrain the age of the La Calandria forest more precisely, however.
If we arbitrarily accept a minimum age of 80 years for the mature forest at MVI, the resulting carbon accumulation rate is 2.75 tC ha −1 yr −1 . Applying this rate to the La Calandria data would suggest a forest age of only 30 years, which is inconsistent with the trunk diameters, as noted above [24] . However, various studies have noted that rates of biomass accumulation during reforestation can vary greatly depending on numerous factors, many related to previous land-use [25] . For example, a study by Uhl et al. [26] found that carbon accumulation rates on reforested pasture varied by more than an order of magnitude depending on the duration and intensity of grazing. As these factors may vary greatly on relatively small spatial scales, AGB accumulation rates from prior studies may not be useful for constraining forest age
There is no ambiguity in regard to the age of the experimental secondary forest plots at the two locations. The plots at La Calandria contained 13-year-old trees at the time of measurement. Thus these plots were just over twice the age of the plots at MVI when measured but contained more than fourfold AGB carbon . The MVI secondary plots accrued carbon at a mean rate of just over 0.4 tC ha −1 yr −1 through the first six years. By contrast, the La Calandria secondary plots added carbon at a mean rate of almost 0.9 tC ha −1 yr −1 . Both accumulation rates we measured in the secondary forests are much lower than those observed in previous studies of carbon accumulation in tropical secondary forests, for example, the aforementioned rate of 4.9 tC ha −1 yr −1 measured in Peruvian cloud forests [23] , a rate of 5.5 tC ha −1 measured in the Amazonian Basin [27] , or the hypothetical rate suggested above for the MVI mature forest of 2.75 tC ha −1 . We speculate, therefore, that reforestation on these plots is limited by some factor, such as nutrient availability, resulting from prior landuse [25] , or nutrient limitation of the rhyolitic material.
Soil Carbon.
The soil carbon stock at the MVI mature forest site is higher relative to the La Calandria mature forest (although not at the level of significance of < 0.05), with most of the difference in the upper 10 cm. The difference in soil carbon between the MVI and La Calandria mature forest sites might be expected, given the higher AGB carbon and presumed greater forest age at MVI, if the premise of increasing C soil with time is accepted. Bautista-Cruz and del Castillo [9] measured C soil accumulation rate of 4.3 tC ha −1 yr −1 in the upper 20 cm during the initial years of secondary succession in a cloud forest in southern Mexico, while Silver et al. [28] measured an increase of just 1.3 tC ha −1 yr −1 in wet tropical secondary forests of the Amazon Basin. A lower rate, as found in the latter study [28] , is more consistent with the observed difference between the MVI and La Calandria soils if the age assessment based on tree diameter is correct. As mentioned above, however, previous studies [7, 8] have shown little or no increase in soil carbon stocks during reforestation, contra the studies cited above. Schedlbauer and Kavanagh [29] , for example, concluded from a study of secondary wet forests in Costa Rica that C soil does not increase with age. Similarly, Martin et al. [2] found only a very weak relationship between soil carbon recovery and time in tropical secondary forests. Regardless of age, moreover, a higher soil carbon content might be expected at MVI due to its higher elevation and consequent higher moisture and lower temperature, both of which retard the decomposition of the soil organic matter, as noted by Dieleman et al. [6] and Salinas et al. [30] .
We compared C soil of the clearings and the secondary and mature forests at each location in an attempt to discern the dynamics of the soil carbon accumulation at both locations. We found C soil from the clearings at MVI identical to the clearings at La Calandria. Furthermore, at both MVI and La Calandria, clearing C soil is statistically indistinguishable from C soil secondary forest plots. At both MVI and La Calandria, however, the difference in C soil between the secondary plots and the mature forest are statistically significant, with the greatest increase concentrated in the uppermost 10 cm, thus indicating that C soil is increasing with time in the forests at both sites. Moreover, the lack of difference in C soil between MVI and La Calandria for both clearings and secondary forest plots demonstrates that altitude-associated climate differences do not play a significant role here. Thus, we conclude that the difference in C soil in the mature forests at MVI and La Calandria is a function primarily of the difference in age between the sites. At La Calandria, for example, the difference in soil carbon stocks between mature and secondary forest is 86 tC ha −1 . If hypothetically this represents 40 to 50 years of accumulation, the accumulation rate is 1.72 to 2.15 tC ha −1 yr −1 , not an unreasonable range of values in comparison to the values obtained in the studies cited above. Moreover, an accumulation rate within this range would also be consistent with an age for the mature forest at MVI that is several decades older than the La Calandria forest.
Conclusions
This study measured above-ground biomass and in soil carbon stocks in clearings, experimental secondary forest plots, and mature forests at two locations in the Monteverde region. At a first approximation, the obvious result is that deforestation results in the loss of hundreds of tons of above-ground biomass carbon per hectare and that complete recovery of the lost carbon requires many decades, as numerous previous studies have shown. Additionally, a substantial portion of the soil carbon is lost during deforestation.
Perhaps more significantly, this study demonstrates some of the challenges and limitations in determining rates of change in tropical forest carbon stocks: in particular, the lack of complete historical data and the inability to apply dendrochronology forces estimation of forest age based on the distribution of large trees. At the Monteverde Institute International Journal of Forestry Research 7 (MVI), AGB carbon stock for the mature forest measured in this study is similar to other measurements of mature tropical montane forest biomass carbon in Costa Rica, as well as other wet montane tropical forests. The combination of historical records and the distribution of large trees suggests a mature forest age likely greater than 80 years. Based on the difference in tree size and AGB carbon between MVI and La Calandria, we estimate an age difference of the forests of at least 30 years. The biomass of the secondary forest plots at both locations is anomalously low, however, and indicates very low rates of biomass accumulation in comparison to the rates seen in other studies of tropical montane forests. Hence, we suggest some inhibiting factor is limiting forest regrowth, perhaps soil nutrient content depleted through land-use changes or inherited from a low-nutrient parent. Consequently, the rates of biomass carbon accumulation found in this study may not be widely applicable.
Although the La Calandria site is located at a lower elevation than MVI and experiences a slightly warmer and drier climate, the nearly identical soil carbon stocks in the secondary forest plots and clearings suggests that climate is not sufficiently different between the sites to explain the difference in the mature forest carbon stocks. Rather, continuous accumulation of soil carbon over a period of three to four decades satisfactorily explains the difference in the size of the soil carbon stocks. The rates of soil carbon accumulation observed here are consistent with other studies conducted in montane and tropical forests, in contrast to the above-ground biomass results, and support the conclusion of some studies that soil carbon increases over time during reforestation in wet montane forests.
